The molecular basis for differences in germinant recognition of Bacillus megaterium QM B1551 spores containing the GerVB and/or GerUB receptor proteins has been examined by site-directed mutagenesis and the construction of cross-homologue chimeras. Focusing on nonconserved residues predicted to reside in transmembrane domains 9 and 10, we demonstrate that GerVB residues Ser319 and Leu345 are of particular importance in defining the specificity and apparent affinity of the receptor for germinants. Kinetic analyses of mutants with different amino acid substitutions at these positions indicate that Ser319 and Leu345 are not involved directly in the binding of germinants, but probably reside in regions of the receptor where structural perturbations can affect the conformation of, or access to, germinant binding sites. Position 345 is also shown to be of importance in GerUB, where the F345A mutation severely impairs receptor function. Functionality is restored in the GerUB Ala345 background by substituting putative outer-loop residues adjacent to TM10 for the corresponding residues in GerVB, indicating that a degree of structural coordination between these regions is important to receptor function.
Dormant spores of the Bacillus and Clostridium genera, which can persist in the environment for considerable periods of time due to the protective properties of the spore structure, reenter the vegetative state via the process of germination (16, 25) . The physiological route to germination is initiated by germinant molecules (typically an amino acid, nucleoside, or sugar) traversing the outer layers of the spore to interact with cognate receptors that reside in the inner membrane that surrounds the spore core (11, 19) .
Orthologous proteins belonging to the GerA family form the receptors through which spores of Bacillus species sense their environment (9, 17, 20) . Structural genes encoding the respective A, B, and C receptor subunits are arranged typically in tricistronic operons, the cotranscription of which suggests that the receptor is a complex of all three proteins. This view has been reinforced by molecular genetic (12, 18) and biochemical (30) approaches that suggest physical interaction between at least some of the receptor subunits. Genetic evidence that proteins from different receptors can physically interact has also been presented (3, 5) . This may be significant, since a number of germinant receptors in different species appear to function cooperatively to initiate germination (3, 4, 10) .
In an as yet poorly understood process, germinant-receptor interaction triggers changes to the permeability barrier presented by the inner membrane, resulting in the rapid efflux of select small molecules, including monovalent cations (26) and the spore's pool of Ca-dipicolinic acid (DPA) and free amino acids (glutamic acid and arginine) (15, 24) , while permitting the influx of some water into the core. Precise mechanisms that permit rapid movement of these molecules across the membrane have not been elucidated, although SpoVA proteins that are involved in uptake of DPA in the developing forespore during sporulation seem also to be involved in its release during germination, perhaps by forming a pore or channel in the spore inner membrane (27, 31, 32) . Biochemical evidence for physical interaction between B. subtilis GerA receptor subunits and two different SpoVA proteins suggests a route to signal transduction between the receptor and putative DPA channel (30) .
Evidence that the B protein of the receptor presents the site for ligand binding was first suggested following the observation that point mutations in the B. subtilis GerAB structural gene, located in regions predicted to encode membrane-spanning domains, led to an increased requirement for alanine to stimulate germination (23) . Subsequent bioinformatic analyses have revealed a degree of homology between receptor B protein homologues and bacterial single-component membrane transporters (13, 17) , and it may be that some functional characteristics, in addition to a common evolutionary lineage, are shared between these protein families.
More recently, the demonstration that two Bacillus megaterium receptor B protein homologues (GerUB and GerVB) each interact with the same A and C protein subunits to confer receptors with different specificities provided further evidence that the B protein is the site for germinant binding (7) . Crosshomologue chimera constructs and site-directed mutagenesis studies have since been employed to probe the molecular basis for differences in germinant recognition between the two proteins (6) . A number of residues predicted to reside in outerloop (OL) regions facing the exterior of the spore were identified as being of structural or functional importance, particularly those in OL5, which connects transmembrane domain 9 (TM9) and TM10, positioned toward the C-ter-minal part of the protein. Gain of function, however (in this case, the recognition of proline in a non-cognate receptor background), required residues predicted to reside in membrane-spanning domains (TM 9 and TM10) in addition to those identified in OL5 (6) . This communication reports on the investigation to identify those residues and to ascertain their role as determinants of germinant recognition in the receptor.
MATERIALS AND METHODS
Bacterial strains and media. The Bacillus megaterium strains employed in this study (Table 1 ) are all derivatives of strain PV361 (29) , a plasmidless variant of the wild-type QM B1551 strain that lacks the GerU operon and GerVB structural gene required to initiate germination in response to single trigger compounds. Bacillus megaterium strains were routinely cultured on LB agar or broth at 30°C, containing antibiotics where appropriate (1 g/ml erythromycin and 25 g/ml lincomycin for macrolide-lincosamide-streptogramin B resistance [MLS r ]). Escherichia coli strains used for site-directed mutagenesis (XL1-Blue [Stratagene]) or preparation of plasmids for transformation of B. megaterium (E. coli NovaBlue [Novagen]) were cultured in LB medium at 37°C supplemented with 75 g/ml carbenicillin.
Protoplasting and transformation of B. megaterium. Protoplasts were prepared by inoculating 25 ml of RHAF medium (6) with 200 l of an overnight suspension of B. megaterium cells and incubated (37°C at 225 rpm) until an optical density at 660 nm (OD 660 ) of ϳ0.6 was attained. Cells were harvested by centrifugation (4,300 ϫ g for 7 min) and resuspended in 2 ml RHAF medium. The wash procedure was repeated before resuspending the cells in 2 ml RHAF containing 1.2 mg/ml lysozyme and incubating without agitation at room temperature for 10 min. Efficient formation of protoplasts was confirmed by phasecontrast microscopy before centrifugation (1,250 ϫ g for 7 min at 4°C) and gentle resuspension of the protoplasts in 2 ml RHAF medium. Following another round of centrifugation, protoplasts were resuspended in 1 ml RHAF medium and distributed into 200-l aliquots. Transformation was conducted by adding 10 l plasmid DNA (approximately 1 g) to 200 l protoplast suspension followed by the addition of 200 l 30% (wt/vol) polyethylene glycol solubilized in RHAF medium. The suspension was mixed gently and incubated in a 37°C water bath for 4 min prior to the addition of 3 ml RHAF and centrifugation (1,250 ϫ g for 7 min at 4°C). The protoplasts were resuspended in 1 ml RHAF and then incubated (30°C at 175 rpm) for 2 h before selecting for transformants on solid RHAF medium (30°C, overnight) containing appropriate antibiotics.
Spore preparation. Bacillus megaterium spores were prepared in 200-ml aliquots of supplemented nutrient broth (SNB) in 2-liter flasks (30°C at 200 rpm) supplemented with 1 g/ml erythromycin to provide selective pressure for maintenance of the plasmid-borne receptor operon. Spores were harvested by centrifugation after 72 h of culture and then subjected to repeated rounds of centrifugation (4,300 ϫ g for 7 min at 4°C), removal of the upper vegetative debris layer, and resuspension in ice-cold water. This wash procedure was repeated until spores were observed to be free of vegetative cells and debris, before storing on ice. SNB medium consists of the following (per liter): Difco nutrient broth, 8 SDM. Site-directed mutagenesis (SDM) procedures were conducted using the Stratagene QuikChange II SDM kit, as directed by the manufacturer. Primers for SDM were designed using the QuikChange primer design program (Stratagene). All primer sequences are available upon request. The main parental plasmids subject to SDM comprised gerU* (gerUA, gerUC, and gerVB) and gerU (gerUA, gerUC, and gerUB) receptor operons cloned into the BamHI site of pGEM-3Z. Receptor amplicons identified as carrying the correct mutation(s) by sequence analysis following SDM were digested with BamHI and ligated with plasmid pHT315 (2) as described previously (6) . The fidelity of the entire receptor operon subcloned into pHT315 was assessed by sequence analysis prior to transformation of B. megaterium PV361 to MLS r . The final B. megaterium constructs are detailed in Table 1 .
Construction of GerUB-GerVB chimeras. Strain GC452, in which the receptor B protein has been engineered to comprise GerUB TM1 to -9 fused with GerVB OL5 and TM10, was constructed using an overlap PCR technique. A 4,307-bp amplicon encompassing the coding and putative regulatory sequences for GerUA, GerUC, and the first 332 codons of GerUB was prepared by PCR. A second fragment comprising a 327-bp amplicon encompassing codons 326 to 366 of GerVB and a potential rho-independent terminator sequence was prepared similarly. Both PCR fragments, which included 25 bp of overlapping sequence at the 3Ј end of fragment 1 and 5Ј end of fragment 2, were subject to agarose gel (1% [wt/vol]) electrophoresis and then purified using the QIAquik gel extraction procedure (Qiagen). The respective PCR products were mixed and then diluted 10-fold in sterile distilled water, and a 1-l aliquot was used as a template for a subsequent round of PCR using primers designed to generate an amplicon encompassing gerUA, gerUC, and the chimeric gerUB/VB gene arranged as a GerA-type receptor operon with appropriate regulatory sequences. This amplicon was purified by gel extraction, digested with BamHI, and then ligated with pHT315 restricted with the same enzyme. Recombinant plasmid purified from transformant E. coli was sequenced to confirm the fidelity of the fusion operon and then used to transform PV361 to MLS r , giving strain GC452. Construction of strain GC451, in which the B protein comprises a fusion of GerUB TM1 to -8 with GerVB TM9 and -10, was described previously (6) .
Germination assays. Spores at 5 to 10 mg/ml (dry weight) in water were heat shocked at 60°C for 10 min and then cooled on ice. Spore germination was monitored by recording the decrease in OD of spores suspended at an initial OD 600 of between 0.95 and 1.0 in germination buffer (5 mM Tris-HCl [pH 7.8] plus 10 mM of germinant [50 mM for KBr]) at 30°C for 40 min, using a 1-ml cuvette in a Hewlett-Packard 8452A diode array spectrophotometer. Reported values are the means of at least duplicate experiments utilizing independently prepared batches of spores. Where presented, maximum rates of spore germination are given relative to the absorbance loss observed for B. megaterium QM B1551 spores incubated with 10 mM glucose, where a 65% loss in OD 600 correlates with approximately 100% spore germination, as determined by loss of heat resistance.
Experiments designed for germination kinetic analyses were conducted in 96-well plates in a total volume of 300 l/well using a Tecan Infinite-200 series shaking incubating plate reader. Plates were sealed with transparent adhesive PCR film (Abgene) to reduce losses due to evaporation. Experiments were conducted in triplicate with at least two different spore preparations. Heatactivated spores (OD 600 of 0.4) were incubated at 30°C in 5 mM Tris-HCl (pH 7.8) with germinant concentrations ranging from 0.1 to 50 mM, and germination was monitored by measuring the decrease in OD 600 every minute for 60 min. Germination rates (v [OD units min Ϫ1 ]) were determined from the slope of the linear segment of OD changes over time that follows the initial lag phase. The Michaelis-Menten function of SigmaPlot v.10 (Systat Software, Inc.) was employed to determine apparent K m and V max values. K m in this context, therefore, is essentially a measure of the concentration of germinant that stimulates the half-maximal rate of decrease in OD of the spore suspension being tested. Additionally, the observation that the OD 600 decreases by ϳ60% in fully germinated spore suspensions under these conditions was used to estimate the proportion of spores that had germinated after incubation for 60 min during germinant titration experiments. Since plots of spore germination against germinant concentration yield hyperbolic curves, data were fitted by nonlinear regression using SigmaPlot v.10 (Systat Software, Inc.) and concentrations required to stimulate 50% spore germination, K 0.5 (germ) , were determined.
In experiments designed to investigate cooperative germination in response to mixtures of germinants, heat-shocked spores (OD 600 of 0.4) were exposed to variable concentrations of primary germinant (typically 0.5, 1, 2.5, 5, 10, 25, 50, and 100 mM) in the presence of fixed concentrations of secondary germinant (typically 0.1, 0.5, 1.0, and 5.0 mM). Germination was monitored, and kinetic parameters were determined as described above.
DNA sequencing and bioinformatics analyses. DNA sequencing was performed by the Department of Biochemistry sequencing facility (University of Cambridge). DNA sequence analysis was performed using CLC combined workbench 3 (CLC bio). Protein topology and transmembrane helix predictions were made using the HMMTOP program (28) , which is available on the ExPASy server (Swiss Institute of Bioinformatics) (http://expasy.org/). Helical wheel projections were made using Wheel, version 1.3 (33) , which is freely available online (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi).
RESULTS
Key residues in GerVB TM9 and TM10. The germinant specificity profile of the B. megaterium GerU receptor is defined, as far as we have established to date, by two close B protein homologues that interact with the GerUA and GerUC proteins (7) . Thus, spores containing GerUB germinate in response to glucose and leucine, whereas spores with GerVB respond to proline and some inorganic salts (exemplified by KBr) in addition to glucose and leucine. Spores of strain GC451, whose receptor B protein is an engineered cross-homologue fusion comprising GerUB TM1 to -8 and GerVB TM9 and -10, show a gain-of-function germination response, responding to proline in a predominantly noncognate (GerUB) background (6) . These data suggested that key GerVB residues predicted to reside in TM9 and/or TM10-in addition to those identified as being crucial in the connecting loop region (OL5)-might participate in the binding of proline. In order to identify these residues, a series of mutants were prepared in which nonconserved residues in TM9 and TM10 of GerVB, comprising 12 out of the 38 residues predicted to comprise these domains (Fig. 1) , were substituted individually for those residues at the equivalent position in GerUB. Spores were prepared, and their responses to germinants were recorded ( Table 2) .
Of the five constructs containing mutations predicted to reside in TM9, only two (A318S and S319M) were observed to FIG. 1. Predicted transmembrane topology of GerVB putative TM9 and TM10 based on the hydropathy plot of the primary amino acid sequence (28) . TM domains are shown as boxes and labeled with Roman numerals. Circled residues represent nonconserved positions, identified by ClustalW alignment, which were substituted for the amino acid at the corresponding position in GerUB (Table 1) .
VOL. 190, 2008 FUNCTIONALLY IMPORTANT RESIDUES IN B. MEGATERIUM GerVB 8011
impact spore germination properties, the most notable being the complete loss of response to leucine in strain GC436 (S319M). This observation was unexpected since both GerUB and GerVB germinate in response to leucine and probably would be expected to utilize conserved residues in germinant binding. None of the TM9 mutations appears to reduce significantly the ability of the spores to initiate germination in response to proline, suggesting that TM10 is important in this aspect. Indeed, germinative analysis of the seven constructs with substitutions in TM10 reveals that strain GC443, which contains the L345F substitution, has lost the ability to respond to proline. Germinability to other trigger compounds is also affected; leucine-mediated germination is completely lost, the germinative rate to KBr is reduced to below 10%, and the glucose response is also observed to be reduced significantly. Cooperative germination. Having established the identity of two residues in particular that appear to be strong determinants of receptor function, and prompted by the observation that all mutant spores give 100% germination responses to a mixture of germinants (GPLK [10 mM each glucose, proline, and leucine and 50 mM KBr]), we sought to determine whether germinants that no longer act as single trigger compounds could still be utilized as cogerminants. Evidence derived from kinetic analyses suggests a sequential mechanism in some spore receptors, including GerU, where binding of one germinant leads to a conformational change that may expose a binding site for a different germinant (1, 6) . The ability to utilize leucine as a cogerminant, for example, by GerVB L345F and S319M spores, would indicate that the cognate binding site is still present, but either it is rendered inaccessible by structural perturbations introduced by the substituted residue or signal transduction upon binding is somehow impeded. To investigate this possibility, spores of strain GC443 (L345F) were germinated with glucose plus either leucine, proline, or KBr as a cogerminant, and kinetic parameters associated with germination were determined (Table 3) . Similarly, strain GC436 (S319M) was germinated with either glucose or proline plus leucine as a cogerminant, and kinetic parameters were established (Table 4) .
Since the GerVB L345F mutation reduces the apparent affinity of the receptor for all germinants, including glucose (K m , 13.1 mM versus 4.05 mM for wild-type spores), it is evident from data presented in Table 3 that both leucine and KBr retain the ability to act as powerful cogerminants. Both cogerminants significantly reduce the apparent K m for glucose even at the lowest concentration tested (0.5 mM), while the affinity of the spores for glucose continues to increase as the concentration of cogerminant increases. Since neither leucine nor None  1  100  99  100  57  100  GC432  TM9  L306M  1  100  100  100  73  100  GC433  TM9  F312  1  100  100  100  88  100  GC434  TM9  V313I  1  100  100 GC440  TM10  I339V  3  100  100  100  59  100  GC441  TM10  M342I  2  100  97  100  61 Ϯ 10  92  GC442  TM10  I344L  1  100  100  100  84  100  GC443  TM10  L345F  3  100  65  2  2  8  GC444  TM10  A346T  1  100  100  100  84  100  GC445  TM10  I347V  1 
a Spores were germinated in 5 mM Tris-HCl (pH 7.8) for 40 min with 10 mM germinant (50 mM KBr). GPLK is a mixture of 10 mM each glucose, proline, and leucine and 50 mM KBr. Spore germination was measured as described in Materials and Methods.
b Rates of spore germination are given relative to the OD 600 loss (65%) for spores of the parental strain GC431 in 10 mM glucose, which was set at 100. This value is equivalent to 100% germination after a 40-min incubation. Values are the means of duplicate experiments employing two different spore preparations. Except where indicated, the standard deviation was Յ5% of the mean and is not shown. a Spores were germinated in 5 mM Tris-HCl (pH 7.8), for 60 min with variable glucose (0.5, 1, 2.5, 5, 10, 25, 50, and 100 mM) concentrations and different fixed concentrations (0.5, 1, 5, and 10 mM) of cogerminant. Germination rates (v ͓OD units min Ϫ1 ͔) and apparent K m and V max values were determined as described in Materials and Methods. The standard deviations from the mean shown are from three independent experiments conducted with the same spore preparation.
b The KBr concentration was 50 mM.
KBr can initiate germination to appreciable levels on their own in L345F spores, it seems that binding sites, or a route to signal transduction, become available after a possible conformational change upon exposure to glucose, suggesting Leu345 is not involved directly in binding of these compounds. On the other hand, proline does not appear to be utilized as a cogerminant and the apparent affinity of the spores for glucose remains at approximately mutant receptor levels in the presence of increasing concentrations of proline. The loss of germinability to proline, either solely or cooperatively with glucose (observed in spores containing the parental receptor [data not shown]), suggests that Leu345 may have close proximity to, or be directly involved in, the proline binding site. Spores of strain GC436 (S319M), which cannot utilize leucine as a sole germinant, demonstrate the capacity to utilize this compound as a cogerminant in the presence of glucose or proline, the apparent affinity of the receptor for the primary germinant increasing as the concentration of cogerminant increases (Table 4) . It seems likely, therefore, that the introduced mutation masks access to the cognate binding site for leucine, which is revealed by a conformational change upon exposure to another germinant, as opposed to Ser319 being directly involved in binding of leucine. Alternatively, the mutation could disrupt the route to leucine-mediated signal transduction, which is restored by the presence of the primary germinant.
Amino acid substitution analysis. Following these initial findings, further Leu345 and Ser319 replacements were made and spores analyzed in an attempt to gain insights to the role of the amino acid side chains at these positions. The most notable observation from these experiments is the retention of proline recognition when Leu345 is substituted for any of the small nonpolar amino acids tested (isoleucine, valine, or alanine), whereas spores containing GerVB with tyrosine in this position only recognize glucose (Table 5) . However, while substitution for isoleucine, valine, or alanine permits strong germinant responses to both glucose and proline, the response to other germinants is variable: e.g., L345I significantly reduces the germinative rates to leucine and KBr, whereas L345A spores show an increased germinative rate to leucine (99% germination) compared to the wild-type spores (57%).
More detailed kinetic analysis of Leu345 mutants reveals that the apparent affinity of the receptor for proline is comparable to that of the parental receptor only when Leu345 is substituted for alanine, whereas substitution for isoleucine or valine results in an approximate fourfold increase in apparent K m ( Table 6 ). As expected, increases in apparent K m are also reflected in the concentration of germinant required to stimulate 50% germination. In contrast, only small effects are observed on apparent V max values, where maximal reductions in OD 600 values remain at approximately 0.1 OD unit min Ϫ1 . Considered together, these data indicate that differences in apparent affinity and sensitivity to proline can be attributed primarily to alterations in germinant binding as opposed to downstream signal transduction events. However, tolerance for a range of small amino acids in this position, resulting in relatively modest differences in apparent K m , suggests that Leu345 does not interact directly with proline, but probably influences the conformation of, or access to, the proline binding site.
A similar trend is observed for glucose-mediated germination, where enhanced K m and K 0.5 (germ) values contrast with relatively unaffected V max values in mutants where Leu345 is substituted for phenylalanine, isoleucine, or valine, indicating that the receptor binding site for glucose is impaired. Substitution of Leu345 for alanine, however, is observed to increase the apparent affinity of the receptor for glucose compared to the parental receptor. These spores (strain GC449) also show an improved germinative response to leucine compared to the wild type ( Table 5 ), suggesting that possible increased conformational flexibility in this region of TM10 may help accommodate germinants in binding sites that are close in proximity in the receptor.
The importance of position 319 to GerVB function is also revealed further by amino acid substitution analysis, where, in addition to the loss of leucine-mediated germination in the original S319M mutant, substitution of serine for alanine, threonine, or cysteine is observed to have an impact on recep- GC443  L345F  3  100  65  2  2  8  GC447  L345I  3  98  95  100  11  44  GC448  L345V  3  100  94  96  50  88  GC449  L345A  3  100  100  100  99  100  GC450  L345Y  Ͻ1  100  88  Ͻ1  Ͻ1  7  GC436  S319M  Ͻ1  100  94  91  Ͻ1  49Ϯ 20  GC437  S319A  2  100  84  74  13  82  GC438  S319T  2  100  77  33  3  28  GC439  S319C  2  100  98 95 Ϯ 7 1 0 9 4
a Spores were germinated in 5 mM Tris-HCl (pH 7.8) for 40 min with 10 mM germinant (50 mM KBr). GPLK is a mixture of 10 mM (each) glucose, proline, and leucine and 50 mM KBr. Spore germination was measured as described in Materials and Methods.
b Rates of spore germination are given relative to the OD 600 loss (65%) for spores of the parental strain GC431 in 10 mM glucose, which was set at 100. This value is equivalent to 100% germination after a 40-min incubation. Values are the means of duplicate experiments employing two different spore preparations. Except where indicated, the standard deviation was Յ5% of the mean and is not shown.
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tor functionality to other trigger compounds (Table 5 ). Kinetic analysis of spore germinability of these strains to proline, where enhanced apparent K m values (33.6 Ϯ 2.0 for S319A and 36.1 Ϯ 2.3 for S319C versus 5.6 Ϯ 0.3 for the wild type) but only slightly altered V max values (data not shown) indicate that these substitutions probably indirectly affect the conformation of binding sites for the various germinants via long-range structural effects.
Amino acid substitutions in GerUB.
In an attempt to gain further information on the roles of residues at position 319 and 345 to receptor functionality, a series of mutants were made with substitutions at the same positions in GerUB, which mediates relatively strong germination responses to leucine and glucose. Strain GC453, which contains the M319A substitution, retains a strong germinative response to leucine ( Table  7 ), indicating that this residue is not involved directly in the binding of germinant in this receptor. This observation, by extension, provides further evidence that Ser319 in GerVB, which is a major determinant in leucine-initiated germination, is involved in germinant binding only indirectly. These data are also consistent with the idea that both homologues are likely to employ conserved residues for binding of common germinants.
In contrast, spores of strain GC454, which contain the F345A mutation, show a considerable reduction in germinability to both glucose and leucine (Table 7) . Despite being nonconserved, this position is therefore of functional or structural importance to both GerUB and GerVB. Functionality is restored to parental levels in the GerUB F345A receptor background (strain GC455) by substituting OL5 residues for the corresponding residues in GerVB (Y334K, A335V, A336E, and K337M), which are predicted to be located immediately adjacent to TM10 in which position 345 putatively resides (Fig.  2) . These spores do not, however, show an appreciable germinative response to proline. A cross-homologue chimera comprising GerUB TM1 to -9 and GerVB OL5/TM10 is also observed to be functional (strain GC452), but unlike GC451 spores, in which GerUB TM1 to -8 are fused with GerVB TM9 and -10, is not responsive to proline. Thus, while alanine can be tolerated at position 345 in GerUB when appropriate OL5 residues are present, further substitutions to TM9 residue(s) are required in order to confer significant proline recognition to this non-cognate receptor background. This distribution of functionally important residues hints at a degree of structural coordination or interaction between TM9, TM10, and OL5 residues, in determining the germinant profile for the GerU receptor.
Receptor abundance. The possibility that amino acid substitutions at structurally important regions of the protein might exert a deleterious effect on receptor abundance and/or ability to insert correctly into the membrane has to be considered a Spores were germinated in 5 mM Tris-HCl (pH 7.8) for 60 min with variable glucose or proline (0.5, 1, 2.5, 5, 10, 25, 50, and 100 mM) concentrations, and germination was monitored as described in Materials and Methods. Variable glucose or proline concentrations for GC449 (L345A) spores, which show enhanced sensitivity to germinant, were 0.1, 0.175, 0.25, 0.5, 1, 2.5, 5, and 10 mM. Germination rates (v ͓OD units min Ϫ1 ͔) and apparent K m and V max values were determined as described in Materials and Methods. The standard deviations from the mean shown are from three independent experiments conducted with the same spore preparation.
b NA, not applicable. a Spores were germinated in 5 mM Tris-HCl (pH 7.8) for 40 min with 10 mM germinant (50 mM KBr). GPLK is a mixture of 10 mM each glucose, proline, and leucine and 50 mM KBr. Spore germination was measured as described in Materials and Methods.
c Data from reference 6.
since spores carrying reduced levels of receptor could show germination phenotypes similar to some of those described above. Unfortunately, we do not, as yet, have antisera that may be used to determine the abundance of receptor proteins in mutant spores in comparison to wild-type spores. However, the observation that virtually all mutant spores showed 100% germination responses when incubated with a mixture of germinants (GPLK) indicates that at least some mutant protein is present and functional. To test further this hypothesis, a mutant strain (GC456) carrying only the GerUA and GerUC proteins, was prepared. Unexpectedly, these spores show a moderately strong germination response when incubated with GPLK (57%) and more modest responses with glucose (20%) and leucine (11%). Very weak germinative responses were recorded in response to KBr (5%) and proline (Ͻ1%). Since PV361 spores (which lack GerUA and GerUC) germinate relatively weakly in response to GPLK (Ͻ10%), then the enhanced GC456 germinative response to the same germinant mixture indicates that GerUA and GerUC might be interacting with an as yet unidentified germinant-receptor B protein to confer a functional receptor complex. Alternatively, the GerUA and/or GerUC proteins may also participate in ligand binding and may retain a degree of functionality in the absence of a B protein subunit. Regardless, with the exception of strain GC454 (GerUB F345A), spores with all variant GerVB proteins tested show enhanced germinative responses with GPLK and glucose in comparison to GC456 (gerUA-gerUC) spores, indicating expression and function of at least some mutant protein. Clearly, a future objective is to quantify receptor abundance more directly, either by procuring antisera that bind specifically to GerVB and associated mutant proteins or perhaps by employing a quantitative mass spectrometry-led approach.
DISCUSSION
This communication reports a number of new observations concerning structure-function relationships in the B. megaterium GerU spore germinant receptor system. This receptor system is unusual among Bacillus species in that it contains two close B protein homologues that interact with the same A and C receptor subunit proteins to confer the spore germinant specificity profile (7) . Using a simple plasmid-based complementation analysis approach, we have focused on nonconserved regions of GerVB and GerUB to guide site-directed mutagenesis experiments aimed at identifying those residues that are important in defining the specificity of the respective receptor proteins.
In an extension to previous work concerning the identification of functionally important residues predicted to lie in loop regions of GerVB (6), two nonconserved putative transmembrane-domain located residues, Ser319 and Leu345, have been revealed as important determinants of germinant specificity. In particular, kinetic analysis of receptors with various amino acid substitutions in these positions, which typically show enhanced K m values and relatively stationary V max values, indicates that these positions influence germinant binding rather than downstream signal transduction events. However, while parallels with prokaryotic amino acid transporters should be made with caution, substitution of residues involved directly in substrate binding in these proteins result typically in increases to K m values in orders of magnitude (21, 22) . Since differences in apparent K m values reported in this study are relatively modest (typically showing a two-to sixfold increase depending on the mutation), these data imply that neither Leu345 nor Ser319 of GerVB necessarily interacts directly with ligands but may instead influence the conformation of germinant binding sites via structural perturbations. This idea is substantiated by the observation that substitution of Leu345 for residues with aromatic side chains, which could conceivably disrupt interactions with adjacent helices that are important in germinant binding, results in severe impairment to receptor functionality. This is also consistent with helical wheel analyses (Fig. 3) , which indicate that the predominantly hydrophobic residues that comprise TM10, including Leu345, are likely to interact with other hydrophobic regions of the receptor and/or with membrane lipids, as opposed to lining a hydrophilic cavity in which a germinant binding site might reside. The application of second-site suppressor analysis may provide a means of identifying these putative interhelical interactions (8) . The predicted proximity of Leu345 to residues that are often of functional importance in integral membrane proteins (His341 and Pro349) may also be of significance.
The same methods were also applied to demonstrate that GerVB position 319 is also of importance to receptor functionality. Amino acid substitutions tested at this position generally have a deleterious effect on the affinity of the receptor for all single-trigger germinants, and leucine in particular. However, the ability to utilize leucine as a cogerminant in the GerVB S319M mutant and the retention of a strong leucinemediated response when the same position is mutated to ala-
Predicted transmembrane topology of GerUB putative TM9 and TM10 in which Phe345 has been substituted for alanine (circled). Spores containing this receptor (strain GC454) lose germinability to glucose and leucine. Functionality is restored when the four OL5 residues immediately adjacent to TM10 (YAAK) are substituted for residues at the corresponding positions in GerVB (KVEM) (strain GC455). Additional substitutions in TM9 are required for germinability in response to proline (strain GC451), indicating that structural coordination between these domains is important for receptor function.
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on November 11, 2017 by guest http://jb.asm.org/ nine in GerUB suggest that this position influences germinant recognition via indirect structural effects. In contrast to TM10, helical wheel analysis of TM9 indicates a degree of clustering of relatively hydrophilic residues that could potentially be solvent exposed (Fig. 3) , and it may be significant for germinant interaction that residues that demonstrably affect receptor function (Ser319 and Ala318) are predicted to reside on the same relatively hydrophilic aspect of the helix. The ability of some germinants to act only as cogerminants in both the GerVB L345F and S319M mutants provides further evidence that the receptor B protein undergoes a conformational change upon binding of a primary germinant, since these data indicate that binding sites for cogerminants only become available upon binding of the first germinant. Whether this putative conformational change permits concomitant or sequential binding of the cogerminant to the same primary germinant-activated B protein subunit, or leads to exposure of binding sites on adjacent receptors, remains to be established. Our current model predicts that different germinant binding sites are close in spatial proximity in the receptor, which could encourage coordinated binding between different ligands in the same receptor subunit, as observed in prokaryotic secondary amino acid transporters (14) . Equally, steric hindrance might prevent concomitant binding of two or more germinants to the same subunit. Clearly, structural information at sufficient resolution will be required to provide insights into this aspect of receptor function.
Additionally, the possibility also exists that observed cooperativity between germinants may involve activation of receptor proteins and germinant pathways that have yet to be characterized in B. megaterium. Evidence that other receptor proteins might be involved is provided by the observation that spores carrying only GerUA and GerUC proteins exhibit a moderate germinative response to GPLK, indicating that an as yet unidentified B protein may be capable of interacting with these subunits to create a functional receptor. The recently sequenced B. megaterium QM B1551 genome should facilitate the identification of candidate receptor proteins.
A final objective of this study was to define further the minimum requirements in terms of conferring proline recognition to a non-cognate receptor background. Information derived from cross-homologue chimeras demonstrate that introduced residues identified as being crucial to proline recognition in GerVB are insufficient to confer significant proline recognition to the GerUB receptor background. These differences presumably reflect subtle differences in structure between the two proteins, and since key residues are distributed throughout the putative TM9-TM10 region it appears that a degree of structural coordination between these domains is required for efficient receptor function.
